Canalization describes the process by which phenotypic variation is reduced by developmental mechanisms. A trait can be canalized against environmental or genetic perturbations.
Introduction
The phenotype has at least two key roles in evolution. One concerns natural selection: phenotypic variation among individuals in reproductive success is natural selection. Another concerns the expression of the genetic variation that enables a response to selection: developmental mechanisms determine, for each environment, how much of what kind of genetic variation will be expressed, a process in which genotype by environment interactions are strongly involved. For whole organisms, the results of these processes can be described under two headings, phenotypic plasticity and canalization.
Much, but not all, of phenotypic plasticity can be described by reaction norms. A reaction norm, a property of a genotype, describes the set of phenotypes expressed by a genotype across a defined range of environmental conditions (Woltereck, 1909; Stearns, 1989) . The analysis of phenotypic plasticity has recently generated considerable interest and debate (Via et al., 1995) .
Canalization describes the process by which phenotypic variation due to genetic or environmental disturbances is reduced by developmental mechanisms. Waddington (1957) thought that each trait has one developmental pathway buffered by mechanisms against all types of disturbances, environmental or genetic. Here we consider the possibility that genetic and environmental canalization describe independent processes. Genetic canalization is a reduction in the average effect of an allele on a trait (Wagner, 1988 (Wagner, , 1989 . Environmental canalization is a reduction in the phenotypic variation caused by an environmental perturbation (Waddington, 1942) . Both types of canalization should evolve by selection for genes that modify a trait's devlopmental expression.
For example, Prout (1962) showed that disruptive selection reduced the environmental canalization of developmental time in Drosophila melanogaster, and Scharloo et al. ( 1967) showed that a reduction in the phenotypic component of variation in Drosophila wing vein proportions did evolve under stabilizing selection. In a theoretical study of the standard one-locus model, Curnow (1964) showed that under stabilizing selection and with genes that have much stronger effects on the variance of a trait than on its mean, selection favors the least variable genotype unless the heterozygote is less variable than either homozygote.
Phenotypic plasticity and canalization are not opposites; they combine in canalized reaction norms (Stearns and Kawecki, 1994) . The bundle of reaction norms that describes the genetic variation in response to an environmental gradient can be more tightly constricted in one environment than in another; canalization can be environment-specific (cf. Waddington, 1957, p. 136) .
The concept of canalization has a long history. Schmalhausen (1938 Schmalhausen ( , 1949 referred to canalization as autonomous development. He saw its primary role as the progressive liberation of the development of the organism from the influences of the environment and foresaw (p. 195 ) the possibility of canalized reaction norms. Waddington ( 1940) implied canalization, the developmental buffering of the phenotype, when he defined the epigenetic landscape, and was the first to use the term (Waddington, 1942) . Lerner (1954) suggested that heterozygosity would stabilize the phenotype and proposed a genetic model of canalization. Thoday (1958) showed that directional selection broke down genetic homeostasis as measured by the asymmetry of stenopleural bristle number in Drosophila, but this breakdown in homeostasis was not due to increasing homozygosity. Instead, Thoday implicated changes in modifier loci. Waddington (1960) demonstrated the effectiveness of canalizing selection on eye facet number in Drosophila. Rendel ( 1967) and Scharloo ( 199 1) reviewed experimental approaches to understanding the canalization of morphological traits, mostly selection experiments on bristle number, wing veins, and anal papillae in Drosophila.
Previous work in our laboratory showed that components of fitness in D. melanogaster -age and size at eclosion, early and late fecundity, and lifespan -are differentially canalized to genetic perturbations: the more important the trait is to fitness, the more strongly it is canalized (Stearns and Kawecki, 1994) . In extending that work, we measured environmental canalization as the environmental component of the coefficients of variation of those traits and analyzed the relationship of canalization to fitness by calculating the sensitivity of fitness to detrimental changes in each of those traits.
In this paper we ask, first, are the components of fitness differentially canalized to environmental perturbations? If they are, the pattern of canalization of traits could be used as a clue to the selection pressures they had experienced.
Second, if they are so canalized, is the pattern similar to that found for genetic perturbation?
If it is, then the same developmental mechanisms might be involved in generating both genetic and environmental canalization, the view held by Waddington (1957) , Scharloo (pers. comm.), and Wagner (1989) .
Third, does inbreeding reduce genetic and environmental canalization? If it does, then one component of inbreeding depression is an increase in variation about the optimal mean phenotype.
Methods
In three experiments of similar design we measured the canalization of five fitness components: age at eclosion, dry weight at eclosion, lifespan, early fecundity, and late fecundity. Their degree of environmental canalization was estimated from the variation among individuals within treatments, lines, and temperatures. The experiments were planned originally to measure the impact on fitness components of inserting an additional copy of the gene for elongation factor, EF-la, into the Drosophila genome. The nature of the genetic transformation required us to make measurements both for C-inserts (controls without the additional gene for elongation factor) and for T-inserts (treatments with the additional gene for elongation factor) at 25" C and 29.5" C. After these experiments were planned and executed, it was discovered that the gene for elongation factor was not expressed in any of the lines at either temperature (Shikama et al., 1994; Ackermann and Gasser, in prep.) . Thus the variation between treatments is due not to overexpression of the gene but to the different lengths and insert positions of the constructs.
Dzflerences among treatments T (treatment)-lines
consisted of D. melunogaster transformed with a P-element containing the ry+ marker plus the Fl copy of the gene for elongation factor EF-la Stearns et al. flanked by initiation and termination sequences for heat shock protein. C (control) -lines had been similarly manipulated but lacked the gene for elongation factor; their insert was shorter and at a different position in the Drosophila genome (treatment constructs: 11.8 kb, control constructs: 9.9 kb, 16% smaller).
D@erences among experiments
Experiment I was done with inbred flies. Three T-and three C-lines (provided by W. Gehring) were first maintained on our standard medium at 25" C for 4 generations. In Expt. I all flies were held at 25" C until eclosion; adults were tested either at 25" C or at 29.5" C. Longevity and fecundity were measured with 40 flies per line, age and weight at eclosion with 24 flies per line.
Experiment II was done on outbred flies with six different genetic backgrounds. Because they resulted from the cross of inbred lines derived from different populations, they were probably more heterozygous than wild flies. The T-and C-lines were obtained from a jumpstart cross in which one arranges for P elements already inserted in the genome to jump to new insert positions. The use of balancer chromosomes ensured that the only surviving flies carried the plasmid at some position on the third chromosome (Bellen et al., 1989) . After one fly with the desired marker combinations was crossed again with the balancer stock, a brothersister cross between flies with the correct markers yielded flies homozygous for the plasmid construct.
The test lines in Expt. II were obtained by outcrossing the one inbred T-and one inbred C-line with six different inbred lab stocks to yield six pairs of heterozygous T-and C-lines with the genetic backgrounds to be tested. Genetic backgrounds were provided by isofemale lines held in the laboratory since 1987 and maintained by full-sib mating for about 60 generations.
In Expts. II and III larvae and pupae were reared at the same temperature as the adults.
Experiment III was done on outbred flies with one genetic background, that of Line 5 in Expt. II. The test flies were obtained by outcrossing six inbred T-and six inbred C-lines from the jumpstart cross with one inbred lab stock to yield heterozygous treatment and six heterozygous control lines with the insert position to be tested. At least five of the six smaller C-inserts were on the third chromosome -Cl: 75C, C2: 64C, C3: 89B, C4: 85D, C5: 61C. The position of the sixth C-insert cannot be determined because the line was lost after the experiment was done and before the inserts were localized. All the larger T inserts were on the third chromosome -at Tl: centromeric region, T2: 79F, T3: 96D, T4: 96D, T5: 99B, T6: 99B. T3 and T4 had the same band position, as did T5 and T6.
The macroposition from banding patterns does not resolve insert positions in the DNA sequence, and analysis of effects of inserts on traits indicated that the pairs of treatment lines with the same macropositions often had traits that differed significantly. Treatment lines 3 and 4 (with 3 significant differences out of 24 possibilities, 12 traits x 2 temperatures, Scheffe test for post hoc comparison) and treatment lines 5 and 6 (with 6 significant differences), with the same macroposition within each pair, differed significantly nearly as often as an average pair of lines (6.6 significant differences) with different macropositions. Furthermore, treatment lines 1 and 2, with different macropositions, differed significantly only once in 24 trait comparisions, and lines 1 and 3 and 2 and 3, with different macropositions, differed significantly 3 times, just as often as did lines 3 and 4, which had ostensibly the same insert position. Therefore we treated every insert as though it were a different position regardless of its macroposition.
The differences among Expts. I, II, and III relevant to the questions posed were these: (a) Expts. II and III were better replicated; there were three C-lines and three T-lines in Expt. I, six C-lines and six T-lines in Expts. II and III. (b) The flies were inbred in Expt. I and outbred in Expts. II and III. (c) The larvae and pupae were reared at 25" in Expt. I, 25" and 29.5" in Expts. II and III. (d) Sample sizes were larger in Expts. II and III than in Expt. I. (e) There were P-element inserts in 2 positions (one T and one C) in Expt. II, in 6 positions (three T and three C) in Expt. I, and in 12 positions (six T and 6 C) in Expt. III.
Note that every fly carried only one P-element insert, and that this insert was in the same position in all individuals within a line. Thus our measures of environmental variation were calculated within sets of flies homogeneous for P-element insert position and type.
Fly culture All measurements were made at 25" C and at 29.5" C (on different flies at each temperature). Flies were reared from first instar larvae gathered within 8 hours of hatching and reared at 12 larvae per vial. Ages were calculated from the mid-point of the period during which the mothers were allowed to lay eggs; this lasted 4 hours. Here we discuss only the traits of mated females. To measure the lifespan of mated females, we established 4 vials per line in Expt. I and 10 vials per line in Expts. II and III with 10 two-day old virgin females and 15 two-day old males. Three times a week the flies were transferred to new vials and the number of dead flies were recorded until the last fly died. Males were replaced by younger males (aged within one week of having eclosed) from the same line if there were fewer males than females in the vial. Females had access to appropriate substrate for oviposition and did lay eggs.
To measure developmental time and dry weight at eclosion, we placed 12 larvae in each of 10 vials per line. When all larvae had pupated, the vials were placed in an eclosion fractionator (Stearns, et al. 1987 ) that collected freshly eclosed flies at six hour intervals. After sex was determined, the flies were dried at 50" C for 3 hours and weighted to 0.01 mg.
To measure lifetime egg production, we established 30 vials per line with one female and two males per vial. The laying surface was replaced daily by a new one with a drop of fresh yeast. Dead males were removed and replaced by a young virgin male from the same line. The number of eggs laid by each female in 24 hours were counted daily until the last female died. For this analysis, fecundity early in life was defined as the number of eggs laid per day from the 4th to the 14th day after eclosion. This was 13-23 days after being laid as an egg at 25" C and 1 I-21 days at 29" C. Fecundity late in life was defined as the number of eggs laid from the 15th to the 5th day before the death of the last female. This was 32242 days after being laid at 25" C and 23-33 days at 29.5" C. If a female died, her fecundity was treated as a missing value, not as zero.
Sample sizes
Expt. I. -For lifespan, 40 individuals from each line were tested at each temperature: 3 backgrounds x 2 treatments x 2 temperatures = 480 mated females. For fecundity, 40 mated females from each line, temperature, and treatment were tested (480 total). For age and weight at eclosion, 24 larvae from each line were tested at each temperature (288 total). In this experiment we did not get reliable data for early and late fecundity and lifespan at 29.5" because many of these inbred flies died at that temperature.
Therefore we have not reported coefficients of variation for those traits under those conditions.
Expts. II and III. -For lifespan, 100 individuals for each line were tested at each temperature: 6 backgrounds x 2 treatments x 2 temperatures = 2400 mated females. For fecundity, 30 mated females from each line, temperature, and treatment were tested (720 total). For age and weight at eclosion, 120 larvae from each line were tested at each temperature (2880 total, of which about 2400 survived to eclosion).
Statistics
We measured genetic and environmental canalization as the inverse of the appropriate coefficients of variation. Therefore, canalization increases as the coefficients of variation decreases. For each combination of experiment, treatment and temperature, we used the restricted maximum likelihood approach to partition total phenotypic variance between the within-line and among-line components (procedure VARCOMP, option REML, SAS Institute, 1989). By taking square roots of these variance components and dividing them by character mean we calculated among-line CVs, which measure genetic variation (CVgen), and within-line CVs, which measure environmental variation (CV,,,).
The environmental variation was induced by microenvironmental variation of unknown nature and by developmental noise. In a previous paper (Stearns and Kawecki, 1994) we analyzed the CVs calculated directly from the raw data, rather than the variance components. We compared the two methods and found that this difference in definitions makes no difference in qualitative results in this data set.
For each trait we analyzed seven plausible mortality regimes to estimate the percent reduction in fitness caused by a 10% detrimental change in the trait. We chose the seven regimes to span the range of conditions that Drosophila encounters in both field and laboratory.
The analysis was taken directly from Stearns and Kawecki (1994) which presents details.
Because the means and the variances of the coefficients of variation were correlated, we did further analysis on log-transformed CV's. The scaling effects to which Bryant (1986) called attention were not problems in this data set. Lande (1979) pointed out that if traits differ in the probability of a zero measurement, then comparison of their CV's will be biased, but there were no zero measurements in our data set. To analyze the relationship between canalization and fitness sensitivity, experiment, treatment and temperature, we performed a three-way analysis of covariance for each of the seven fitness sensitivity scenarios. We also calculated the regressions of environmental CV's on fitness sensitivity for each scenario and each experiment x treatment x temperature combination. All analyses were done with SAS statistics software (SAS Institute, 1989) .
To check the relationship between genetic perturbation and canalization, we also analysed the magnitudes of effects on traits of the difference between the small and the large inserts in the experiment on position effects where we could compare the effects on eight female traits of six small inserts and six large inserts at different positions on the third chromosome. We estimated the means of the traits in the groups with small and with large inserts in an ANOVA with lines nested within insert sizes, divided the larger mean by the smaller, multiplied by 100, then substracted 100 to get the absolute value of the perturbation of the trait expressed as a percentage. This was done for measurements made at both 25" and 29.5". In this case we included three more traits whose relationship to fitness could not be estimated from the demographic model.
Results
First, we report the mean environmental CVs of a series of traits whose impact on fitness is known or can be inferred (Tab. 1): age at eclosion, weight at eclosion, early fecundity, late fecundity, lifespan. In all three experiments, for both treatments, and at both temperatures, there was a general increase in the coefficients of variation from age at eclosion to weight at eclosion to early fecundity to late fecundity. Lifespan was less variable than late fecundity.
Second, we took from Stearns and Kawecki (1994) the sensitivity of fitness to those 5 traits for seven different scenarios spanning a range of plausible mortality regimes (Tab. 2). In general, fitness was most sensitive to changes in age and weight at eclosion, rather sensitive to changes in early fecundity, and not very sensitive to changes in late fecundity or lifespan.
Third, we calculated the regressions of trait variation on fitness sensitivity for all seven scenarios for both temperatures (25" C and 29.5" C). The regressions showed that trait variation was negatively associated with impact on fitness for all scenarios. The coefficient of determination ranged from 0.25 to 0.90. Figure 1 depicts the best and worst fits for genetic and environmental CVs. 
Fig. l(A), (B)
Fourth, we did a 3-way ANCOVA on the logs of the CVs for each of the seven scenarios and for both genetic and environmental CVs. Table 3 gives an example. The three factors were experiment, temperature, and treatment, and the covariate was fitness sensitivity of the traits. The results were consistent among scenarios. In all seven ANCOVAs on logs of genetic CVs, the only significant factor was the covariate, fitness sensitivity, with p < 0.0001 for six of the scenarios and p = 0.0023 for Scenario 3, which always gave the worst fit. In no case was experiment, temperature, treatment, or any of the interaction effects significant. For logs of environmental CVs the ANCOVA results were similar, with fitness sensitivity always significant (p < O.OOOl), and in two cases, Scenarios 2 and 6, experiment effects were also significant (p = 0.0496 and p = 0.0397).
We therefore reduced the model to main effects -experiment, temperature, treatment, and fitness sensitivity as covariate -allowing the interaction effects to be absorbed in residual and main effects. The patterns of significance did not change. Both genetic and environmental CVs had a highly significant and consistently negative relation to fitness sensitivity (Tab. 4). Again, in Scenarios 2 and 6 experiment effects were also significant (p = 0.026 and p = 0.021). Fifth, the genetic and environmental coefficients of variation were similar for all traits (Fig. 2) .
Sixth, mortality scenarios 2, 6, and 7, with moderate to high juvenile mortality, consistently resulted in the highest F-values for the relation of log(CV) to the covariate fitness sensitivity (Tab. 4). Scenarios 3 and 5, with moderate to low juvenile mortality and very low adult mortality, consistently yielded the lowest F-values for impact of fitness sensitivity as a covariate.
Seventh, the ANCOVAs for Scenarios 2 and 6 suggested significant effects of experiments on environmental CV's. Analysis of pariwise contrasts suggested that the CVs in Expt. I were larger but marginally insignificant (p = 0.0804 for Scenario 2, p = 0.0717 for Scenario 6). In all other scenarios, environmental CVs were larger in Expt. I than in Expts. II and III, but the effects were not significant. Genetic CV's were also larger in Expt. I, but the effect was never significant (the flies in Expt. I were more inbred than the flies in Expts. II and III). Eight, we calculated the effect of size of insert on the mean of each of eight female traits at both temperatures. The order of the traits ranked by magnitude of effect of size of insert (Fig. 3) was similar to the order of the traits ranked by genetic or environmental CV (Fig. l) , and the pattern was similar at both temperatures.
Discussion
In the introduction we posed three questions: (1) Are the components of fitness differentially canalized to environmental perturbations? (2) Is the pattern similar to that found for genetic perturbations? (3) Does inbreeding have consistent effects on genetic and environmental canalization? We will also discuss (4) whether the selection that produced that canalization is more likely to have occurred in the field or in the laboratory. We managed to answer the first two questions fairly reliably, and we got interesting indications of possible answers to the last two. Fig. 3 . In Expt. III, in which six small and six large inserts were placed on Chromosome III, the difference in the average effect of large and Small inserts was calculated for 8 female traits and expressed as a percentage of trait means. The order of the traits ranked by impact of size of insert was similar to the order of the traits ranked by CVs (Fig. l) , and the effects of insert size on traits was similar at both temperatures (r = 0.89, p = 0.0032).
Canalization of jitness components
Components of fitness in Drosophila melanogaster were differentially canalized to environmental perturbations: the more important a trait was to fitness, the more strongly canalized it was to environmental variation. Our analysis assumes that the traits are either under stabilizing selection or under directional selection that is pushing the trait up against some constraint.
Waddington (1957, pp. 136-138) stated that there should be a direct relation between the canalization of a trait and its impact on fitness, but that this relation would be complicated by two factors: the genetic architecture of the trait (the proportion of additive to interaction variance), and the problem of finding a common scale in which to express the canalization of different traits. By dealing directly with coefficients of variation as an inverse measure of canalization, we think we have found a practical solution to the problem of finding a common scale. Coefficients of variation may not solve all the problems, but they are a reasonable measure with which to start.
As for the problem of genetic architecture, it is certainly a serious problem for comparing traits in artificial selection experiments, where differences among traits in proportion of additive variance would complicate the canalizing response to stabilizing selection -the context in which Waddington mentioned it. It should be less of a problem for traits whose canalization is close to equilibrium after a long period of selection -the condition that we think we have examined here. Working with D. melanogaster, Prout (1962) applied stabilizing selection on development time to one line (S) and disruptive selection on development time to another line (D) for 40 generations. He found that the coefficients of variation decreased in the S line and increased in the D line. The response in the S line was almost entirely due to a reduction in additive genetic variation, whereas the response in the D line was due mostly to a loss in "buffering capacity." That one can select for decreased environmental canalization for development time in D. rnelanogaster suggests that the trait was in a reasonably well canalized state before the disruptive selection began.
Similarity of' genetic and environmental canalization
The patterns of genetic and environmental canalization were very similar (Fig. 2) . This is consistent with Waddington's (1957) and Wagner's (1989) idea there is a single developmental pathway for any given trait and that the mechanisms that buffer it do so against disturbances of all types.
ESJ;?ct of inbreeding on canalization If heterozygosity improves canalization, then inbreeding should weaken it (Lerner, 1954) . It has long been known that inbreeding increases phenotypic variation, which, according to our definition, is equivalent to weakening canalization: Falconer (1989, p. 269) provides a table of six studies in which this effect was found. This idea also lies behind much of the work on fluctuating asymmetry, reviewed by Palmer and Strobeck (1986) , where the impact of inbreeding is less consistent than it is on straightforward phenotypic variation. The data reported here support the idea that inbreeding weakens canalization. The inbred flies of Expt. I were always less well canalized than the outbred flies of Expts. II and III, and while the effect was never significant, it was consistent over all scenarios and both kinds of canalization, and it was almost significant for environmental canalization in Scenarios 2 and 6. These results suggest that an experiment designed explicitly to examine the impact of inbreeding on the canalization of fitness traits would probably give positive results.
Selection regime under which the patterns evolved
If we assume that the degree of canalization of a trait is a good indication of the strength of stabilizing selection on that trait, and that traits with a stronger correlation to fitness should be better canalized than those with a weaker correla-tion to fitness, then the results presented in Table 4 suggest that the canalization patterns measured here evolved under conditions where juvenile mortality rates were high. We suspect that juvenile mortality rates are lower in the laboratory than in the field. This suggests that for traits like these fitness components, patterns of canalization do not evolve very rapidly in laboratory culture and that the rate of evolution of canalization mechanisms might be slow enough that they could function as an evolutionary constraint. This conclusion is hinted at, but not strongly supported, by our data and deserves further investigation.
Alternative interpretations Accumulation of errors with age
Most traits used in this study were expressed at different ages, and the increasing variation of traits with age may have resulted from the accumulation of errors with age. We see two ways to test this alternative. First, one could compare the canalization of several traits expressed at the same age but with different impact on fitness. Second, one could locate a representative sample of loci segregating for each trait using QTL (quantitative trait locus) mapping, then measure the average effect of a substitution at loci coding for different traits. This would be a direct test of our interpretation of genetic canalization.
Are the genetic CVs the result of difSerentia1 heterozygosity? Could the pattern in the genetic CVs be explained by different numbers of loci segregating for each of the traits measured? The strongest evidence against this interpretation comes from Expt. III, where the genetic differences among lines were due to the different sizes and positions of the P-element inserts but not to differences in genetic backgrounds.
To check the results inferred from the pattern of the CVs, we also calculated the effect of size of insert on the mean of each trait. The order of the traits ranked by magnitude of effect of size of insert (Fig. 3) was similar to the order of the traits ranked by genetic or environmental CV (Fig. l) , and the pattern was similar at both temperatures. This result is consistent with the following interpretation:
large inserts disturb the genome more than small inserts, and the effect of such disturbance is greater on traits that are less canalized.
While this supports our interpretation of the pattern of genetic CVs as a reflection of differential canalization rather than of different numbers of loci segregating for different traits, it does not demonstrate it conclusively. More direct tests are needed of the magnitude of allelic effects on traits that appear to be differently canalized.
Should the CVs increase rather than decrease with impact on jitness? Price and Schluter (1991) argued that the reason why life history traits have lower heritabilities than morphological traits is that they are the product of causal interactions over longer time periods and through more complex pathways. These should inflate the environmental variance, thus reducing the heritability. The implication is that the environmental coefficients of variation for life history traits, which are closely related to fitness, should be larger, not smaller, than those for morphological traits, which are less closely related to fitness. Furthermore, Home (1992) analyzed the consequences of standardising genetic variances with means, as CVs, rather than with phenotypic variances, as is done in calculating heritabilities. He also found that traits more closely related to fitness were more variable than morphological traits, as measured by genetic CVs. Both Price and Schluter's theory and Houle's results thus appear to contradict the pattern we claim to have found. This raises several interesting issues. First, neither Price and Schulter (1991) nor Houle ( 1992) calculated the sensitivity of fitness to changes in a series of traits, as we did; they simply assume that life history traits have greater impact on fitness than morphological traits. This is a plausible assumption, but it is not necessarily true. If one could perturb wing length or stenopleural bristle number by 10% through mutations or changes to the larval environment, one might well discover that such changes were associated with high fitness costs in the form of viability, development time, or fecundity.
Second, different evolutionary biologists make different implicit assumptions about the relation of traits to fitness. Specialists on life history evolution, like us, assume that all traits are involved in tradeoffs, and that these tradeoffs must be taken into account when calculating the sensitivity of fitness to changes in a trait. For example, in Drosophila an increase in fecundity usually involves an increase in weight at eclosion that can only be achieved by prolonging development. This means that neither fecundity nor development time can be under directional selection, for to change one in a direction that increases fitness implies a change in the other that decreases fitness. Robertson (1955) argued the opposite, that precisely these traits would be under continuous directional selection, fecundity upward and development time downward, a view echoed by Lewontin (1965) and still widespread among evolutionary geneticists. Strong selection, in this view, should reduce the proportion of genetic variance due to additive effects and increase the proportion due to dominance, epistasis, and other interactions.
However, Burger (1993) has recently shown that this traditional view concentrated too much on the elimination of disadvantageous mutations and did not take sufficient account of the behaviour of advantageous mutants under directional selection in large populations (N, > 500). If there is a slow, steady flow of moderately advantageous mutations into the population, then directional selection will continually be pulling them through the fixation, and the number present at intermediate frequencies at any one time will be large enough to increase additive genetic variance. This is not the case for stabilizing selection (Burger, 1993) where the traditional view still holds, and one expects a reduction in additive genetic variance with increasing selection pressure.
Thus whether fitness components are under stabilizing or directional selection becomes interesting, for directional selection favors extreme types with two results: it can select for decanalization rather than canalization if the directional selection is not pushing the trait up against some immovable constraint ( Thoday, 1958) and it can increase rather than decrease additive genetic variance.
Our results for development time and size at eclosion suggest the opposite, indicating that these traits are under stabilizing rather than directional selection, an interpretation supported by Houle's (1992) analysis (his Tab. l), which also confirms our ranking of the genetic and environmental coefficients of variation of development time, longevity, and fecundity. The view that development time is under stabilizing selection is also supported by Zwann et al. (1994) . They selected development time in D. melanogaster in both directions, with significant responses of about + 50 h in the high lines and -15 h in the low lines. Their results suggest that directional selection in the original population had not reduced development time to a minimum determined by some constraint.
Some basic assumptions
The discussion in the previous section indicates that the field has not achieved consensus on the following issues: How should the relationship between a trait and fitness be modelled, with or without tradeoffs? Should one expect an increase or a decrease in additive genetic variance for traits under directional selection? Should one expect an increase or a decrease in the canalization of traits under directional and stabilizing selection? Should one assume that fitness components (life history traits) are under directional or stabilizing selection? Is selection on morphological traits necessarily weaker than selection on fitness components? We have assumed that all fitness components are involved in tradeoffs, that they are under stabilizing selection, that stabilizing selection favors canalization, and that stronger stabilizing selection produces stronger canalization. We do not know, a priori, whether life history traits are under stronger selection than morphological traits. Others disagree with our assumptions (Scharloo, pers. comm.; anonymous referee pers. comm.), and that disagreement makes the patterns we present here interesting, for it shows that they elicit reactions that expose implicit assumptions about central issues in evolutionary biology.
Conclusion
We can state two points with some confidence: (1) The canalization of fitness components against environmental perturbations improved with the correlation of those traits with fitness as we calculated it. (2) This pattern is extremely similar to that found for the canalization of fitness components against genetic perturbations. Two other points suggested by these data deserve further investigation: (3) Inbreeding weakens canalization. (4) The patterns of canalization measured in the laboratory may have evolved in the field.
